INTRODUCTION
============

Today a variety of assays are available for the quantification of CYP2D6 copy number including Southern blotting, long PCR, DNA invader system \[[@B1]\], and, more recently, TaqMan technology \[[@B2]\]. Southern blotting and long PCR require a large amount of genomic DNA and are costly in terms of reagents, work, and time. Moreover long PCR does not allow for the determination of the exact copy number. To date, real-time quantitative PCR has been widely used to quantify viral copy number, to perform gene expression studies, to diagnose genetic diseases, and to quantify gene copy number in transgenic animals, or to measure oncogene amplification in tumor cells \[[@B3]\]. Indeed, many gene deletions or duplications are responsible for genetic disorder and are now diagnosed by quantitative PCR, such as Charcot-Marie-Tooth I, hereditary neuropathy with liability to pressure palsies \[[@B4], [@B5]\], proximal spinal atrophy \[[@B6]\], *α*-thalassemia \[[@B7]\], and down syndrome \[[@B8]\]. Moreover, gene dosage of xenobiotic-metabolizing enzymes has already been applied for glutathione S-transferases \[[@B9]\].

Very recently Schaeffeler et al successfully developed TaqMan probes for the determination of CYP2D6 copy number \[[@B2]\]. Because of the larger number of allelic variants among CYP2D6 and the presence in tandem of two inactive pseudogenes (CYP2D8 and CYP2D7), the choice for the localization of the target sequence has become complex. In addition, it is necessary to take into account at the same time the sequence specificity and the constraints required for the TaqMan probes. Schaeffeler et al validated their technique by including 64 samples but with one limitation in the CYP2D6 probe. Thus, a SNP is located in the target sequence, which leads to an undetermined genotype among Asian subjects carrying the CYP2D6^\*^10 and ^\*^36 alleles.

In this study, a new real-time duplex PCR has been developed, allowing for the determination of the CYP2D6 gene copy number for every sample since no SNP was described in our target sequence. First, TaqMan MGB probes were used to improve the specificity of the reaction. Second, the duplex strategy allowed for the coamplification of CYP2D6 and the referent gene (RNase P) in the same well, which increases reproducibility and decreases the analysis cost.

For this purpose, CYP2D6 copy number was determined by the comparative Ct method \[[@B10]\] in 43 subjects, distributed as follows: 12 duplicated, 20 deleted, and 11 with two copies. The determination of CYP2D6 copy number by real-time quantitative PCR was then validated from previous long PCR/Southern blotting results \[[@B11]\].

MATERIALS AND METHODS
=====================

DNA samples
-----------

DNA samples were obtained from a case/control study where CYP2D6 gene deletion and/or duplication had been previously investigated by long PCR and Southern blotting \[[@B11]\]. DNA was prepared using standard methodology with proteinase K, extracted by phenol-chloroform, and precipitation with absolute ethanol \[[@B11]\]. DNA samples were stored at −20^°^C. The DNA concentration was determined by optical density at 260 nm. All samples (except 4) were previously genotyped for CYP2D6 alleles \[[@B12]\] ([Table 1](#T1){ref-type="table"}). However for these DNA samples, Southern blotting analysis and long PCR were available. For the definition of alleles, see <http://www.imm.ki.se/CYPalleles/cyp2d6.htm>.

Sequencing
----------

Sequencing was performed on the ABI Prism 9700 Genetic Analyzer System (Applied Biosystems, Courtabæuf, France). Five *μ*L of purified PCR product (enzymatic purification with ExoSap kit, Amersham Biosciences, Orsay, France) was mixed with 5 *μ*L of sequence mix containing 1 *μ*L of the same forward or reverse primers used for PCR and 4 *μ*L of BDT (DNA sequencing kit, big dye terminator cycle sequencing; Applied Biosystems). A sequence reaction was then performed. Sequencing products were purified before analysis as indicated by the manufacturer.

Probe and primer design
-----------------------

Genomic sequences of CYP2D6 (GenBank accession no M33388) and CYP2D7/8 (GenBank accession no M33387) were used to generate the specific target sequence \[[@B13]\]. Primer Express software version 1.0 (Applied Biosystems) was used with manual adjustment to design a set of primers and probe which are specific to CYP2D6 gene. For the detection of gene copy number, the position and length of hybridization probes and primers were optimized by using BLAST program and TaqMan MGB probes. Sequences for the TaqMan MGB probe and PCR primers are listed in [Figure 1](#F1){ref-type="fig"}. The size of the PCR product for CYP2D6 was 78 bp. Primers and probe for the RNase P were obtained as TaqMan endogenous control kits (Applied Biosystems) (sequence and size of PCR product not provided by the manufacturer). Finally, the CYP2D6 probe was labeled at the 5′ end with FAM, the RNase P was labeled at 5′ end with VIC, and both probes had a nonfluorescent quencher.

Quantitative real-time PCR conditions
-------------------------------------

Gene dosage analysis was performed in a quantitative duplex PCR assay. The following reagents were used for amplification in 20 *μ*L : 5 *μ*L of DNA (around 100 ng), 300 nM of each CYP2D6 primer, 10 *μ*L of Master Mix (2X), 250 nM of CYP2D6 probe, 1 *μ*L of RNase P kit (20X) and final volume was adjusted with sterile water. The thermal cycling conditions were first 2 minutes at 50^°^C and 10 minutes at 95^°^C and consisted of 40 cycles at 95^°^C for 15 seconds and 60^°^C for 1 minute. The PCR was performed in a 384-well clear optical reaction plate 7900 (Applied Biosystems).

Gene dosage analysis
--------------------

The RNase P gene was coamplified with the CYP2D6 gene and served as an internal standard (two copies present in subject with or without duplication/deletion of the CYP2D6 gene). The strategy is based on the relative quantification of the target sequence (CYP2D6) and a reference sequence (RNase P) and requires that the PCR efficiencies of the CYP2D6 gene and the RNase P PCR reactions be close to the identical. For TaqMan PCR calibration, we selected DNA samples from six control individuals with two copies of the CYP2D6 (ie, individuals previously characterized by Southern blotting and long PCR). During the log-linear phase, amplification can be described by *N* = No (1 + *E*)^*n*^, where *N* is the number of amplified molecules, No is the initial number of molecules, *E* is the amplification efficiency, and *n* is the number of cycles. If the amplification efficiency is similar for the two reactions, the initial concentration of the sample is calculated on the basis of the above formula by using the comparative delta Ct method as described by Livak et al \[[@B10]\] and the gene copy number was given by the formula 2^−(ΔΔCt+/−SD)^, where ΔΔCt = (Ct RNase P~calibrator~ − Ct CYP2D6 ~calibrator~) − (Ct RNase P~sample~ − Ct CYP2D6~sample~). A Ct is defined as the point at which the fluorescence level rises above a baseline. The effect of DNA concentration on PCR efficiency was determined using a control DNA in a dilution series from 25, 12.5, 6.25, and 3.125 ng per reaction. The primer concentration for the CYP2D6 gene was titrated from a 3-by-3 primer matrix (eg, combinations of 100, 300, and 900 nM of each forward and reverse primer).

All the experiments, which involved 11 samples with 2 copies of CYP2D6, 20 with a heterozygous deletion, and 12 with a duplication, were performed three times, and in each experiment the samples were analyzed in triplicate.

Data were collected and analyzed using sequence detection system software (version 2.0; Applied Biosystems). Amplification plots were reviewed after performing and the baseline setting was adjusted manually between 3 to 18 cycles. Reaction wells with PCR reaction failure were excluded from further data analysis according to Grubbs\'s test. Thus, the analysis was performed with at least two amplification results (duplicate).

RESULTS AND DISCUSSION
======================

Assessment of assay specificity
-------------------------------

The first step of this study was to design primers and probe highly specific to the CYP2D6 gene and to avoid coamplification of pseudogenes. The PCR MGB probes used here allow for a discriminative quantification of the CYP2D6 gene related to the CYP2D7/8 gene. Because of their higher melting temperature, they are more sensitive than conventional probes, that is, they create less background noise and offer greater specificity. The region that was chosen for the target sequence was located at intronic sequence of the CYP2D6 gene (intron 6). No SNP has been reported to be located within this region according to the databases (NCBI). Previously, Schaeffeler et al designed CYP2D6 probe that cannot be used with Asian subjects carrying the CYP2D6^\*^10 and ^\*^36 alleles. The method that is presented here is an alternative method for the determination of CYP2D6 copy number. Thus, the above indetermination was avoided. The availability of two validated methods would be useful for the routine determination of CYP2D6 gene copy number especially when checking that a result is necessary or when genotyping Asian individuals.

Specificity for CYP2D6 amplification depends on the sequences of the two primers and the probe, which contained 7 and 1 discriminating nucleotides, respectively ([Figure 1](#F1){ref-type="fig"}). The amplification product was sequenced. Moreover, to assess the specificity of the reaction, an assay was performed with a DNA sample from a subject homozygous for the CYP2D6 deletion gene (data not shown). The copy number of CYP2D6 calculated from the difference in Ct values between CYP2D6 and RNase P corresponded, for this individual, to a value lower than 0.05 copies. These results demonstrated that both sets of primers and probe were highly specific to the CYP2D6 gene.

The sequences of CYP2D6 and RNase P gene were coamplified within the same tube with variable amounts of genomic DNA (25, 12.5, 6.25, and 3.125 ng, resp). When the Ct values of CYP2D6 and RNase P were plotted versus DNA amounts, the PCR efficiency could be calculated for each gene in the multiplex based on the slope of the lines using the formula 10^−1/slope^−1. The calculated efficiencies were similar, yielding to values of 0.82 and 0.80, respectively, for CYP2D6 and RNase P, indicating that the 2^−ΔΔCt^ calculation was valid. Moreover, no variations were observed in the difference of Ct values between the target gene and the reference gene, demonstrating that the DNA concentration was not a critical parameter in this method (multiplex validation) ([Figure 2](#F2){ref-type="fig"}).

Validation of the quantitative PCR
----------------------------------

In each experiment, the quantitative results of real-time PCR agreed with those of the reference methods (Southern blotting and long PCR) from 11 samples with two copies (including the six samples used as calibrators), 20 samples with 1 copy, and 12 samples with 3 copies. No overlap between the value range corresponding to each group (1, 2, 3 copies of CYP2D6 gene) was observed. [Table 2](#T2){ref-type="table"} includes the average of three independent assays, where the copy number of the deleted, normal, and duplicated samples was significantly separated with *P* \< .05. As shown in [Figure 3](#F3){ref-type="fig"} the mean values of gene quantification data into the three groups 1, 2, and 3 of CYP2D6 gene were 1.14 (range: 1.02--1.29), 1.99 (range: 1.84--2.21), and 2.86 (range: 2.55--3.30), respectively, in the subjects carrying 1, 2, or 3 copies of the CYP2D6 gene (resp, *P* \< .001, ANOVA). These experiment results could be interpreted properly because boundaries did not overlap. [Figure 4](#F4){ref-type="fig"} illustrates representative examples of real-time PCR results for CYP2D6 quantification.

Variability of the quantitative PCR
-----------------------------------

The reproducibility of these experiments is reflected by the coefficient of variation (CV). All data were reported as the mean, SD, and CV of the average from the results of three different assays. The intra-assay reproducibility was determined from triplicate measurements within the same run and the mean of CV for the three experiments was comprised between 7.1% and 8.9% (data not shown). The interassay variation ranged from 1.50% to 22% for the heterozygous deletion samples, from 2.6% to 19% for the 2 copy samples, and from 3% to 15% for the duplicated samples indicating an acceptable level of reproducibility and allowing for discrimination between the different groups. However, a careful examination of the results showed that the mean of gene dosage for the three groups was distinct although some values could be close. Indeed, in the first assay (experiment I in [Table 2](#T2){ref-type="table"}), the upper range of the one-gene copy group is very close to the lower range of the two-gene copy group (1.57 and 1.60, resp). For these results, the intra-assay was over 20%, strongly suggesting the necessity for low intra-assay variation to avoid misclassification and minimize indetermination.

CONCLUSION
==========

Compared to other methods (Southern blotting, long PCR), quantitative PCR has several advantages: (i) only a small amount of DNA is needed for this assay and a large number of samples can be analyzed simultaneously; (ii) the results can be obtained quickly and submitted to statistical analysis (the use of replicates is needed to increase the power assay); (iii) based on the fluorescence appearance during the exponential phase of the amplification, quantification is also more accurate; (iv) real time PCR assays obviate post-PCR manipulation preventing carryover contaminations; (v) the multiplex reduces the cost of the analysis compared to a single-well assay \[[@B14]\]; and (vi) when reactions are carried out in 384-well plates, the reaction volume can be reduced (15 *μ*L) decreasing the reagent cost \[[@B5]\].

The rapid quantification of the CYP2D6 copy number has become a significant investment as regards the large number of drugs metabolized by the CYP2D6 gene. This new real-time quantitative PCR could be adapted for high-throughput determination of CYP2D6 genotyping.
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Figures and Tables
==================

![Probe and primer design. The forward and reverse primers, as well as the probe, were drawn using the Primer Express software. The target sequence is located in intron 6. The forward primer has a temperature of 58^°^C for a length of 19 bases including 4 discriminating ones (in bold) for the CYP2D6 gene related to the CYP2D7/8 sequences; the reverse primer has a temperature of 58^°^C for a length of 21 bases, including 3 nucleotides specific to the CYP2D6 gene (in bold). The MGB probe corresponds to the sequence framed on the diagram with one discriminating nucleotide (in bold). The G base (in bold) is another discriminating nucleotide present in the amplicon.](41104.fig.001){#F1}

![Multiplex and the 2^−ΔΔCt^ method validation: determination and comparison of the PCR efficiency for each gene. The straight side (dotted line) of the PCR of the referent gene (RNase P) with a slope = −3.9 (eg, *E* = 80%). The straight side (continuous line) of the PCR of the CYP2D6 gene with a slope = − 3.8 (eg, *E* = 82%). After optimizing in simplex (matrix of primers) and carrying out a limitation of primers, this graph shows, on the one hand, that the effectiveness of each PCR is practically identical and, on the other hand, that the use of the ΔΔCt calculation method is validated. Variable amounts of genomic DNA, 25, 12.5, 6.25, and 3.125 ng, respectively, were used to draw these curves.](41104.fig.002){#F2}

![Global analysis of CYP2D6 gene quantification in 44 DNA samples based on three independent experiments. The analysis of gene copy number was performed using the formula 2^\*^2^−ΔΔCt+/−SD^. The three groups are significantly different with *P* \< .001 (ANOVA). Means are realized from the averages of the final results of each run after 2^\*^2^−ΔΔCt+/−SD^ calculation. ∗ denotes gene copy number after Southern blotting and long PCR analysis.](41104.fig.003){#F3}

###### 

Amplification plots of CYP2D6 and RNase P genes. The Δ*Rn* (reflecting the quantity of fluorescent probe degraded) is plotted versus cycle number. (a) Samples with 2 copies of CYP2D6. In (c) samples with a duplication, the Ct value of CYP2D6 decreased compared to RNase P whereas in (b) samples with deletion, the Ct value of CYP2D6 increased compared to RNase P.
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###### 

CYP2D6 genotype of the samples included in this study.

  -------------------- -------------------------- -------------------
  CYP2D6 copy number   Number of samples          CYP2D6 genotype
                                                  
  1                    9                          CYP2D6^\*^1/^\*^5
  3                    CYP2D6^\*^2/^\*^5          
  3                    CYP2D6^\*^2B/^\*^5         
  3                    CYP2D6^\*^4A/^\*^5         
  2                    Unknown^a^                 
                                                  
  2                    3                          CYP2D6^\*^2/^\*^2
  3                    CYP2D6^\*^2/^\*^2B         
  2                    CYP2D6^\*^2/^\*^1          
  2                    CYP2D6^\*^4 × 2/^\*^5^b^   
  1                    Unknown^c^                 
                                                  
  3^d^                 3                          CYP2D6^\*^1/^\*^1
  3                    CYP2D6^\*^1/^\*^2          
  1                    CYP2D6^\*^1/^\*^9          
  1                    CYP2D6^\*^1/^\*^4          
  1                    CYP2D6^\*^1/^\*^2d         
  1                    CYP2D6^\*^1/^\*^28         
  1                    CYP2D6^\*^1/^\*^2B         
  1                    Unknown^c^                 
  -------------------- -------------------------- -------------------

^a^Carrier of heterozygous CYP2D6^\*^5 (deletion) and other uncharacterized alleles.

^b^Carrier of both deletion and duplication of CYP2D6 resulting in two final copies of the CYP2D6 gene.

^c^Undetermined genotype, Southern blot, and long PCR only.

^d^Samples with the CYP2D6^\*^2×2, corresponding to the duplication.

###### 

Global analysis of CYP2D6 gene quantification based on three independent experiments. The analysis of gene copy number was performed using the formula 2^\*^2^−ΔΔCt\ +/−SD^. SD stands for standard deviation and CV coefficient of variation. The three groups are significantly different with *P* \< .05 (Mann-Whitney U test). Means are obtained from the averages of the final results of each run after 2^\*^2^−ΔΔ,Ct\ +/−SD^ calculation. The borderlines are well delimited in I, II, and III. Means are given by the averages of the results from each group. Range is defined by the lower and upper limits for each group. SD is the average of sd of the mean of the triplicate.

  ----------- --------------- ---------------------- ----------------- -------------------- ------------
  Number of   Expected copy   Global mean value of   Number of assay   Mean value ± SD of   Range
  patients    number^\*^      CYP2D6 copy^\*\*^                        CYP2D6 copy^\*\*^    
                                                                                            
  20          1               1.14                   I                 1.10 ± 0.18          0.76--1.57
  II          1.20 ± 0.12     1.04--1.47                                                    
  III         1.12 ± 0.10     0.95--1.33                                                    
                                                                                            
  11          2               1.99                   I                 1.87 ± 0.17          1.60--2.17
  II          2.09 ± 0.18     1.82--2.45                                                    
  III         2.03 ± 0.17     1.86--2.31                                                    
                                                                                            
  12          3               2.86                   I                 2.87 ± 0.39          2.38--3.57
  II          2.91 ± 0.23     2.64--3.26                                                    
  III         2.80 ± 0.30     2.41--3.40                                                    
  ----------- --------------- ---------------------- ----------------- -------------------- ------------

^\*^ The values obtained after Southern blotting and long PCR.

^\*\*^ The values obtained calculated from real-time quantitative PCR.
